ABSTRACT: The purpose of the present study was to compare bilateral external knee moments during gait in patients with concomitant medial compartment knee OA, varus alignment and chronic anterior cruciate ligament (ACL) deficiency who underwent either medial opening-wedge high tibial osteotomy alone (HTO) or simultaneous HTO and ACL reconstruction (HTO-ACLR). Fifty-two patients (26 matched pairs) completed 3D gait analysis preoperatively and at a minimum 5 years postoperatively. Patients were matched for preoperative age, sex, body mass index and magnitude of correction. Primary outcomes selected a priori were the peak knee adduction moment (KAM) and knee flexion (KFM) moment during stance. Moments were compared using mixed model repeated measures analysis of variance (ANOVA). For the peak KAM, there was a significant time by limb interaction. For both groups, there were similar reductions in the peak KAM 5 years postoperatively in the surgical limb only [À1.34 %BW Â Ht (À1.71, À0.96) and À1.72 %BW Â Ht (À1.99, À1.44) for HTO and HTO-ACLR, respectively]. For the peak KFM, there was a significant time by group by limb interaction. There was a decrease in the peak KFM 5 years postoperatively in the HTO group [À0.88 %BW Â Ht (À1.45, À0.31)] but not in the HTO-ACLR group [0.03 %BW Â Ht (À0.43, 0.48)]. These results suggest that individuals with medial knee OA, varus alignment and chronic ACL deficiency who undergo simultaneous medial opening-wedge HTO and ACL reconstruction may not experience the same long-term (5 year) changes in sagittal plane knee biomechanics observed in patients undergoing HTO alone. ß
Altered gait biomechanics may adversely affect knee loading and contribute to degenerative joint changes. The external knee adduction moment (KAM) and knee flexion moment (KFM) during walking are thought to be particularly important to the progression of knee osteoarthritis (OA) because of their associations with the magnitude and distribution of dynamic loads across the tibiofemoral joint. [1] [2] [3] [4] [5] A larger KAM [6] [7] [8] [9] [10] [11] and less commonly a larger KFM, 8, 9 are associated with the progression of medial tibiofemoral OA.
Individuals who sustain an ACL injury also exhibit altered moments about the knee in the sagittal and frontal planes. These altered knee moments can contribute to the development of OA after anterior cruciate ligament (ACL) injury, which remains a common problem. 12, 13 The risk appears higher for individuals with concomitant varus malalignment with ACL injuries.
14 Most notably, in these individuals with concomitant medial knee OA, a reduction in the peak KFM has been observed with ACL deficiency, 15, 16 following ACL reconstruction [17] [18] and even continuing 5 years after ACL reconstruction, 19 although reports are mixed. Individuals with ACL reconstruction may also exhibit a greater KAM over time, 20 and in comparison to healthy controls, 21 despite individuals undergoing ligament reconstruction and rehabilitation intended to restore normal knee mechanics. Thus, for patients with medial knee OA and ACL deficiency, altered gait biomechanics in the frontal and sagittal planes that deviate from a normal gait pattern may be appropriate targets of interventions.
Medial opening-wedge high tibial osteotomy (HTO) is a surgical procedure designed to correct lower limb malalignment, redistribute dynamic loading in the frontal plane and lessen loads on the medial compartment. 22 HTO may also alter the orientation of the tibial plateau in the sagittal plane and thereby indirectly affect anteroposterior stability of the knee, especially in patients who are ACL deficient. [23] [24] [25] Alternatively, ACL reconstruction is a surgical procedure that directly addresses sagittal plane instability by reconstructing the ligament with autograft or allograft tissue. Therefore, ACL reconstruction is sometimes performed as an adjuvant treatment to HTO with the aim of improving knee joint biomechanics in the frontal and sagittal planes. Importantly, while the proportion of osteoarthritic knees with malalignment 26 and chronic ACL insufficiency is high, 27 the overall rate of use of HTO, with or without concomitant ACL reconstruction, is low and decreasing. 28, 29 Despite the proposed biomechanical effects of simultaneous ACL reconstruction and HTO for individuals with ACL deficiency and medial knee OA, there are few studies investigating the effects of the combined procedure. [30] [31] [32] [33] Previous results suggest substantial improvements in knee kinematics and kinetics following the combined procedure; 31 however, long-term effects are unclear, and whether the ACL reconstruction offers any benefits above those offered by HTO alone remains unknown. Thus, the purpose of the present study was to compare bilateral external knee moments during gait in patients with concomitant medial compartment knee OA, varus malalignment and ACL-deficiency who underwent either medial opening-wedge HTO alone (HTO) or simultaneous HTO and ACL reconstruction (HTO-ACLR). We hypothesized that although both groups would experience similar changes in the external KAM, they would experience significantly different changes in the external KFM.
METHODS

Study Design
In this retrospective matched cohort study (level III evidence), patients were prospectively evaluated using threedimensional (3D) gait analysis before and at a minimum 5 years (67.6 months AE 14.6) after undergoing either HTO or HTO-ACLR. The postoperative gait testing was scheduled to coincide with follow up visits to the clinic. Patients in each group were matched retrospectively based on sex, age, body mass index (BMI) and magnitude of correction (osteotomy plate size). Given the importance of the frontal and sagittal plane moments previously reported, we selected a priori the first peak KAM and the peak KFM as the outcomes of primary interest. We also explored moments and angles in all three planes and patient reported outcomes. The study was approved by the institution's Research Ethics Board for Health Sciences Research Involving Human Subjects. All patients provided informed written consent.
Participants
Fifty-two patients were included in this study. To be included, patients had to have had persistent medial compartment pain with activity, mechanical varus alignment and medial compartment knee OA, 34 with greatest severity in the medial compartment of the tibiofemoral joint. Patients were also required to have chronic ACL insufficiency, defined as greater than 5 years post ACL tear, in the surgical limb only. ACL insufficiency was first diagnosed with physical exam, then confirmed by arthroscopy. Exclusion criteria included HTO or ACL tear on the contralateral limb before or during the study follow-up, concomitant tibial tuberosity osteotomy, knee or hip replacement surgery on either limb, inflammatory or infectious arthritis, end-stage disease in the patellofemoral joint and multiligamentous instability. The mechanical axis angle (MAA) and Kellgren and Lawrence (KL) grades were measured bilaterally following previously described techniques. [35] [36] [37] Varus alignment was indicated by a negative angle. Radiographic measurements from the digitized images were determined using custom software shown to produce reliable measurements. 36 Twenty-six patients having undergone HTO-ACLR were matched to twenty-six patients having undergone HTO alone. Patient demographics and clinical characteristics for each group are presented in Table 1 . We compared MAA at baseline between surgery groups and between limbs using independent and dependent t-tests, respectively. We also compared KL grades at baseline between groups and limbs using Man-Whitney and Wilcoxon tests, respectively. There were no significant differences between surgery groups. As expected, the surgical limb had significantly greater varus and radiographic severity than the non-surgical limb. For the HTO group, the mean (SD) preoperative KL grade was 2.72 (1.02) and for the HTO-ACLR group, the mean (SD) preoperative KL grade was 2.38 (0.81).
Surgery and Rehabilitation
For individuals in the HTO-ACLR group, the HTO was completed prior to the ACL reconstruction within the same operative procedure. The osteotomy was completed according to techniques previously described. 38 The weightbearing line was moved laterally no greater than 62.5% of the medial-to-lateral tibial plateau width. 39 Anteroposterior sloped-wedge non-locking plates (Puddu, Arthrex, Naples, FL) were used to achieve fixation and were placed posteriorly on the tibia to minimize an inadvertent increase in the posterior tibial slope (PTS) and 
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reduce interference with the tibial tunnel required for ACLR. Fixation was confirmed intraoperatively by fluoroscopy. Semitendinosus and gracilis tendons were harvested through the osteotomy incision and fashioned into a fourstranded ACL graft over a closed loop suspensory fixation device (Endobutton, Smith and Nephew, Andover, MA). An anteromedial portal technique was used to create a central femoral tunnel within the femoral ACL footprint. A tibial tunnel was created using an angled-guide through the anteromedial portal. After achieving femoral fixation with the suspensory device, tibial graft fixation was achieved using multiple staples with or without interference screws while the graft was tensioned with the knee in full extension.
Patients in both groups used crutches and a hinged range of motion brace for 6-weeks postoperative. They were instructed to ambulate with feather weightbearing on the operative limb and remove the brace only for range of motion exercises and washing. Progressive weightbearing was gradually encouraged as tolerated, with the aim of full weightbearing by 12 weeks provided there was adequate radiographic and clinical signs of healing of the osteotomy. Within two weeks of surgery, all patients started a physiotherapy program to improve function, strength and range of motion. Given the greater morbidity associated with ACLR, patients in the HTO-ACLR group also focused on limiting knee swelling, gaining end-range knee extension and more gradual progression of strengthening exercises. Once full weightbearing was achieved, patients in both groups participated in a postoperative knee OA rehabilitation program focused on improving knee and hip muscular strength (closed and open kinetic chain exercises) and proprioception while emphasizing correct lower extremity alignment, postural control and balance. 40 Progression of the exercises was emphasized from months 4 to 6 postoperative, with the addition of gradual return to preoperative recreational activities from 6 to 12 months.
Gait Analysis
Bilateral gait analysis was completed using an eightcamera motion capture system (Motion Analysis Corporation, Santa Rosa, CA) synchronized with a single, floormounted force platform (Advanced Mechanical Technology Inc., Watertown, MA). Passive-reflective markers were placed on patients using a 22-marker, modified Helen Hayes marker set. 41 Additional markers were also placed over the medial knee joint line and medial malleolus during a static trial on the force platform to determine knee and ankle joint centers. These four extra markers were removed before gait testing.
Patients walked barefoot across a 10-metre walkway at their typical walking speed while marker (60 Hz) and forceplate (1200 Hz) data were collected from a minimum of seven to eight trials for each extremity. External knee moments were calculated from the marker and force plate data using inverse dynamics and were expressed relative to the tibial anatomical frame of reference. 42, 43 The same methods and version of software were used to analyze gait data for all time points (Orthotrak 6.0, Motion Analysis Corporation). Knee moments were averaged over five trials and normalized to 100% stance. The greatest magnitude in a positive or negative direction was identified as the peak for each gait cycle waveform. The peak value in the first and second half of stance was identified. Moments were normalized to bodyweight and height (%BW Â Ht). Using these methods, external moments about the knee are reliable, 44, 45 sensitive to change and are related to patient reported outcomes. 46 48 and consists of a 24-item questionnaire with five response options per item. There are three separate domains including pain (5 items), stiffness (2 items) and physical function (17 items) and the scores within each domain are summed. We rescaled the scores so that a higher number indicated a better outcome.
Statistical Analysis
We first plotted the ensemble average gait waveforms for knee moments and angles for both limbs before and after surgery for both groups. We also calculated knee moment preoperative-to-postoperative mean change scores with 95% CIs, and between-group mean differences in change scores with 95%CIs. Knee moments were compared separately using a two (time: Pre, post 60 months) by two (group: HTO, HTO-ACLR) by two (limb: Surgical, non-surgical) repeated measures ANOVA. Both time and limb were treated as within-subject factors and group was treated as a betweensubjects factor. Significant interactions were further analyzed using Scheffe post-hoc test. Shapiro-Wilk's Test and Levene's Test were used to determine whether normal distribution and equality of variance assumptions were satisfied, respectively. Lastly, given substantial differences in baseline knee stiffness scores, 5-year postoperative WOMAC scores were compared between groups while controlling for baseline values, using an analysis of covariance (ANCOVA). Statistical significance was set at p < 0.05. Statistical analyses were completed using SPSS 24 (SPSS Inc., Chicago, IL) and Statistica (StatSoft Inc., Version 7.1, www.statsoft.com).
RESULTS
Ensemble average gait waveforms for knee moments and angles in all three planes are presented in the Supplementary Material (Figs. S-1 and S-2, respectively). Results of the ANOVAs are illustrated in Figure 1 . There was a significant time by limb interaction (p < 0.001) for the KAM, indicating changes over time differed between limbs. Post-hoc tests showed that across groups, there was a decrease in the KAM in the surgical limb from preoperative to postoperative (p < 0.001) with no change in the non-surgical limb (p ¼ 0.42). For the KAM, the mean change (95%CI) for the surgical limb for the HTO and HTO-ACLR groups was À1.34 %BW Â Ht (À1.71, À0.96) p < 0.001 and À1.72 %BW Â Ht (À1.99, À1.44) p < 0.001, respectively. The mean difference (95%CI) in change scores between groups for the surgical limb was 0.38 %BW Â Ht (À0.08, 0.84) p ¼ 0.10.
There was also a significant time by limb by group interaction (p ¼ 0.02) for the KFM, indicating changes over time differed between groups and limbs. Post-hoc tests showed that for the HTO group, there was a decrease in the KFM from preoperative to postoperative for both the surgical (p ¼ 0.001) and non-surgical (p ¼ 0.01) limbs. However, for the HTO-ACLR group, There were no significant main effects or interactions for the knee transverse plane data, although the larger variation in these data collected with the present methods should be noted (Figs. S-1 and S-2). The mean difference (95%CI) in the peak external rotation moment between groups was 0.01 (À0.02, 0.05) preoperatively and 0.02 (À0.01, 0.06) postoperatively.
For the HTO group, the mean improvement (95% CI) from preoperative to postoperative for the total WOMAC and WOMAC subscales (pain, stiffness, physical function) was 9. 
DISCUSSION
The present findings are generally consistent with our hypotheses and suggest that patients with varus alignment, medial knee OA and chronic ACL deficiency who undergo medial opening-wedge HTO experience large reductions in the KAM in the surgical limb that are maintained over 5 years, regardless of whether ACL reconstruction is performed or not. Alternatively, the present findings suggest that the long-term decrease in the surgical limb peak KFM is observed in the HTO group only. In other words, adding the ACL reconstruction may preserve the magnitude of the peak KFM. Importantly, the nonsurgical limb peak KAM increased over the 5 years, while the peak KFM decreased over the same period, suggesting the opposite changes observed in the HTO-ACLR limb are not simply due to changes over time regardless of surgery. The increase in early stance KAM accompanied by a decrease in the KFM and no change in the rotation moment is somewhat consistent with another longitudinal study in patients with knee OA, suggesting contributions to total joint loading may shift from the sagittal to the frontal plane. 49 How such changes might contribute to changes in measures of OA progression, might be observed over time in aging populations without knee OA, or might be affected by interventions (to either limb) deserve further research. Similarly, strategies to encourage or prevent potential transition between KFM and KAM dominance should be explored. 43 Although the present sample with knee OA and chronic ACL insufficiency is quite different from samples with more acute ACL injury and surgery, previous studies do offer insight when interpreting the 
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127 present findings. Previous authors investigating gait in individuals with ACL injury have reported a decrease in the peak external KFM, both in ACL deficient and reconstructed knees, [15] [16] [17] [18] although results across studies are variable and report changes in the immediate postoperative period. This gait pattern observed in both ACL deficient and reconstructed knees is believed to represent a compensatory gait strategy (i.e., quadriceps avoidance gait) wherein, quadriceps activation is reduced in an attempt to decrease or minimize anterior translation of the tibia. 15, 18 However, the peak knee flexion moment was maintained in the intermediate 17 and long-term   50 postoperative periods, although these individuals had undergone surgery for an acute ACL injury in an otherwise healthy knee. Thus, the presently observed decrease in the KFM in only the HTO group may suggest that patients with ACL deficiency and medial knee OA who forego ACL reconstruction develop similar sagittal-plane biomechanics previously reported in ACL deficient individuals following a more acute knee injury. [15] [16] [17] [18] This would be consistent with the goal of the combined surgery where it may preserve more normal sagittal plane biomechanics.
Interestingly, for individuals with medial knee OA, a larger KFM may contribute to increased joint loading and future disease progression. 8 Additionally, increases in the KFM may negate decreases in medial compartment loading attempted through altering load distribution in the frontal plane. 5 Thus, the lack of an increase in the KFM in both groups could also be noted as a potentially favorable outcome. However, previous research also indicates a reduced KFM in individuals with severe knee OA relative to healthy controls 51 as well as an association with poorer function in healthy older adults. 52 Therefore, the overall goal for OA interventions may be to normalize sagittal plane gait biomechanics rather than significantly alter the KFM, although the association between observed changes in the KFM and longer term outcomes after HTO alone requires further research.
Similar to previous studies evaluating the effects of medial opening-wedge HTO, 46, 53, 54 there was a large decrease in the KAM (standardized response mean (SRM) ¼ 1.44 and 2.54 for HTO and HTO-ACLR, respectively) and moderate to large improvements in the total WOMAC (SRM ¼ 0.50 and 1.33 for HTO and HTO-ACLR, respectively). Although the change scores for the total WOMAC and WOMAC subscales were consistently larger for the HTO-ACLR group, there were no significant differences postoperatively between groups after controlling for baseline values. The overall similarity in frontal plane biomechanics between groups may suggest HTO alone is largely responsible for the observed improvements in patientreported outcomes. However, only the HTO group experienced a reduction in the KFM (SRM ¼ 0.63) while the HTO-ACLR group experienced minimal change in the KFM (SRM ¼ 0.02). This disparity between groups suggests patients who underwent the combined procedure may not experience the same changes in the sagittal plane as patients who underwent HTO alone. Additionally, the reduction observed in the sagittal plane was moderate compared to the reduction observed in the frontal plane. This more modest reduction further suggests that changes in bony alignment may not be solely responsible for the changes observed in the sagittal plane and the addition of ligament reconstruction to medial openingwedge HTO may limit changes in sagittal plane knee moments over 5 years.
The external knee adduction moment is commonly described as a proxy for mediolateral distribution of loading across the knee during walking. 2, 44, 55, 56 Our findings suggest that individuals with concomitant varus malalignment and ACL deficiency, who undergo medial opening-wedge HTO, will experience a favorable shift in load distribution and a potential reduction in the progression of medial knee OA, regardless of ACL reconstruction. For the HTO group, changes in the frontal and sagittal plane gait biomechanics were comparable to the long-term (>5 years) changes observed following combined HTO and ACL reconstruction in a similar group of individuals. 31 Knee OA and ACL gait studies typically focus on changes in the frontal and sagittal planes, respectively. However, transverse plane knee angles and moments have also been reported in these patient populations. 31, 50 Although not included in our a priori hypotheses, there were no statistically significant changes over time or differences between groups for the transverse plane data assessed in the present study. However, the variability associated with the present transverse plane measures, particularly the peak knee angles, was large (i.e., SD>9 degrees) and should be interpreted with caution. This greater variability in transverse plane measures may obscure small, yet important changes after injury and surgery that may be contributing to degenerative changes in the knee over time.
There are limitations in our study. Most importantly, our two groups were matched retrospectively. Although our matches were based on factors most likely to affect our primary outcomes, patients were not randomized to surgical group and there may have been other factors unaccounted for that influenced our results. Factors such as the exact time between injury and surgery and meniscal status may have differed and could have potentially influenced postoperative outcomes. Also, the HTO-ACLR group had a lower WOMAC stiffness score at baseline and therefore experienced a greater increase over time, prompting us to control for the baseline value when comparing changes between groups.
Surgery for both groups was conducted by one surgeon using one technique. Although this increased the internal validity of the present study, the generalizability of the findings to other surgeons and 128 techniques may be reduced. For example, type of donor graft 57 and transtibial versus anteromedial portal techniques 58 may produce different changes in gait biomechanics than observed presently.
Additionally, both of the surgeries studied include substantial rehabilitation protocols that must be considered part of the overall treatments and may contribute to the difference in outcomes. Specifically, patients in the HTO-ACLR group received rehabilitation focusing on both the HTO and ACL reconstruction while rehabilitation for patients in the HTO group only addressed the HTO. Although both postoperative rehabilitation protocols for the present patients have comparable goals and are overall very similar, rehabilitation required to address the greater postoperative morbidity associated with the HTO-ACLR shifts the focus on muscular strengthening to later in rehabilitation than with HTO alone. While that difference in timing may explain the observed difference in external knee flexion moments, that possibility should be weighed against the fact that follow-up testing was completed at least 4 years after completion of rehabilitation and return to recreational activities.
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